We report a rapid, convenient luminescence technique for quality control of polycrystalline Cu(ln,Ga)Se, (CIGS) films and photovoltaic (PV) devices. The speed and convenience of the luminescence analyses were realized by using a Fourier transform (FT) Raman spectrophotometer which operates in the near-infrared (NIR) spectral region encompassing the band gap and defect levels of CIGS. With minor modifications to the FT-Raman spectrophotometer, we were able to detect both photoluminescence (PL) and electroluminescence (EL) from ClGS devices at room temperature. The FT-ELtechnique allows luminescence measurements to be made using this equipment at energies up to 1.3 eV, while the FT-PL technique is limited to energies below 1.1 5 eV. By increasing sensitivity and eliminating the need for sample cooling, this approach reduced the measurement time by an order of magnitude relative to comparable dispersive PL measurements. We used a fiberprobe accessory to the FT-Raman spectrophotometer to demonstrate that samples can be checked for uniformity at remote locations, e.g. online, using FT-PL spectroscopy. We also used a microscope accessory to obtain the PL spectra of visibly discolored regions some tens of microns in diameter on a ClGS device, and to show that these regions emit PL at sigiiificantly lower energy and intensity than nearby uniform regions of tlhe device.
INTRODUCTION
Conventional dispersive spectroscopy has been generally unsuccessful in measuring PL or EL spectra of polycrystalline ClGS or CulnSe, (CIS) films, although dispersive PL spectra of CIS single crystals have been measured at room temperature. Photoluminescence (PL) and electroluminescence (EL) spectroscopic techniques have been used extensively to measure band gap, defect, and impurity levels in semiconductor materials for PV applications. Although PL measurements have been reported for some materials at room temperature,' detection of PL or EL using dispersive spectrophotometers has typically required cryogenic cooling of ClGS films to obtain adequate sensitivity. Cooling the samples is a slow process, and large or fragile samples are difficult to cool without breaking them to a smaller size.
In earlier work demonstrating FT-PL spe~troscopy,~,~ we presented what we believe to be the first room-temperature PLspectra of CIS films and devices. We also correlated higher CIS device efficiencies with the absence of low-energy PLfrom defect states in CIS devices3 Not counting sample cooling time, this approach reduced the measurernent time by a factor of four relative to dispersive PL spectroscopy at similar U.S. Government work not protected by U.S. copyright resolution, while increasing sensitivity by a factor of two to three.' However, the upper energy limit for FT-PL measurements is about 1.15 eV, and is determined by the Rayleigh holographic notch filters for the fundamental Nd:YAG laser emission at 1.17 eV. The high-efficiency ClGS devices now being developed at the National Renewable Energy Laborat o w typically have band gaps near 1.1 5 eV, making it impossible to obtain complete FT-PL spectra from these devices. We solved this problem by turning off the laser and removing the Rayleigh line filters from the FT-Raman spectrophotometer.
By applying foward bias to ClGS devices W, we were able to measure complete FT-EL spectra from these devices at room temperature.
EXPERIMENTAL APPROACH
The ClGS devices analyzed consist of multi-layer films deposited in the sequence AVNi (grid)/MgFJZnO/CdS/CIGS/ Mo/glass ~ubstrate.~ We used a Nicolet FT-Raman accessory coupled to a Nicolet System 800 FTlR spectrophotometeP to obtain the results shown in Figs. 1-3 . The spectra shown in Figs. 4-6 were obtained using a Nicolet System 950 FT-Raman spectrophotometeP equipped with microscope and fiberprobe accessories. Spectral resolution was 4 cm-I. The FT-Raman accessory imaged a 50-pm diameter spot for analysis, and laser power was kept at 18 mW. The 32X Cassegrainian objective of the microscope accessory to the System 950 spectrophotometer collected PL emitted from a spot about 6 pm in diameter. Laser power of 24 mW was used with the microscope. The silica fiberprobe accessory to the System 950 spectrophotometer collected PL from an analysis area 0.5 mm in diameter. Laser power of 50 mW was used with the fiberprobe. Neutral-density (ND) filters were inserted between the samples and the cooled, Zn-doped Ge detector as needed to prevent saturation.
RESULTS

Figure 1 compares room-temperature FT-PL and FT-EL measurements on a 15.5%-efficient ClGS device (C-253).
Note the discontinuity in the FT-PL spectrum between 9300 and 9600 cm-I (1.15 -1.19 eV) caused by the Rayleigh line filters. The FT-EL spectrum is continuous in this region. The PL observed in Figure 1 at energies above the 1.17-eV laser emission may be related to thermal broadening of the energy distribution of electron-hole pairs. Insertion of a 1.2-eV silicon low-pass filter into the laser beam to block any visible light, such as that emitted by the helium-neon laser in the interferometer of the FTlR spectrophotometer, did not reduce the highenergy PL, which was observed to be proportional to the intensity of the Nd:YAG laser emission. Also note the similarity in the band shapes and maxima of the FT-EL spectra to those of the FT-PL spectra of this relatively low-band gap ClGS device, although a low-energy shoulder that may be related to the graded junction in this device is more prominent in the FT-EL spectrum. This device luminesced so strongly that it required an ND-2 (1% transmittance) filter to prevent detector overload in PL and EL. From the data in Fig. 1 , the cell area (0.43 cm'), and the FT-PL excitation power and area given previously, the power efficiency of FT-ELfor this device would appear to be more than an order of magnitude greater than the power efficiency of FT-PL, but it is likely that the FT-EL measurement includes a larger excitation area than the FT-PL measurement.
The FT-PL and FT-EL spectra of a 13.5%-eff icient device (C-265) are shown in Fig. 2 . This device has a higher band gap, making the Rayleigh line filter artifact in the FT-PL spectrum more apparent. Note that device C-265 has a higher band gap but exhibits lower efficiency than device C-253, despite the expectation that higher band gap devices (up to l .5 eV) allow a better match to the solar spectrum. Increasing the bias current to 300 mA from 30 mA resulted in a linear increase in EL intensity (note filter types given in Fig. 2 ), but some asymmetry of the FT-ELspectrum is evident at the higher current. This asymmetry, plus the prominent low-energy shoulder evident in the FT-EL and FT-PL spectra of this device may be related to its lower eff iciency relative to device C-253. Similar spectral features were deconvoluted, have been related to lower efficiency in CIS devices and may represent defect states.6 Figure 3 shows the luminescence spectra of a 15.1%-efficient ClGS device ($423). The FT-EL band is smooth and symmetrical, while the FT-PL band maximum is entirely missing. The small, sharp peak just below the FT-EL band maximum is a gain-ranging artifact of the A/D converter in the FTRaman spectrophotometer. Raising the bias current much above 500 mA resulted in a decrease in FT-EL stability, and, ultimately, to a decrease in FT-EL intensity and appearance of thermal radiative features in the low-energy region of the FT-EL spectra of the ClGS devices. These problems may be related to contact resistance in the in-situ sample mount built for the FT-EL measurements, as well as to device instability.
The vertical scales on the first three figures are in radiance units (Wlster-cm-') and the luminescence peaks are about three orders of magnitude too intense given the excitation power used and a field of view of about 140 degrees. There is evidently an error in the instrument calibration procedure, which involves comparison of a white light reference spectrum to the black-body spectrum at the bulbs color temperature to obtain an instrument correction, and we are working with the manufacturer to resolve this problem. Figure 4 is a comparison of FT-PL analyses of a visually uniform region of ClGS device C-253 which were performed using a microscope accessory capable of analyzing a 6 -~m or larger diameter spot, and a 1.5-m (long) silica fiberprobe. The spectra overlay weil when autoscaled to similar intensities, showing that the fiberprobe does not contribute spectral artifacts to the FT-PL spectrum of a similar region of the sample. Figure 5 shows that at the spatial resolution of 0.5 mm obtainable with the fiberprobe, variations in the FT-PL spectra of different regions of device C-253 are evident. Figure 6 shows FT-PL microscope analyses of two visually discolored regions of ClGS device C-253 compared to that of a visually uniform region. Some variations from the FT-PL spectra of visually uniform regions of the device are observed two of a number of discolored regions visible through the microscope. The FT-PL spectra of the discolored regions contain a number of low-energy peaks, and resemble the FTPLspectrum of low-efficiency CIS? The discolored areas also emit much lower PL intensity than a visually uniform region of the device. These observations suggest that device efficiency, Figure 3 although high, could be further improved by increasing film uniformity. However, not all of the discolored spots on the device exhibited low-energy FT-PL spectral features.
The microscope and fiberprobe can also be used in the FT-EL mode, further increasing their utility as potential online diagnostic techniques for ClGS devices and modules. We are currently attempting to correlate the micro-FT-PL results with those obtained by using other microanalytical procedures on the anomalous regions of the ClGS fillms, and are examining other ClGS devices to assess the extent of non-uniformity. The FT-luminescence band structures could be correlated with defect levels in CIGS, as has been done for CIS6 We are also interested in using FT-luminescence techniques to confirm the optical bowing data recently obtained for ClGS using total reflection and transmission measurements of band gaps.'
SUMMARY
The room-temperature FT-EL technique is novel and, at low bias currents, gives spectra similar to FT-PL spectra. It can be used to measure band gaps up to 1.3 eV in ClGS devices. We are continuing to develop room-temperature FT-PL and FT-EL spectroscopy as non-destructive techniques for quality control of ClGS devices and improved understanding of material properties. The detection of low-gap regions in the ClGS films promises that even higher eff iciencies can be realized from ClGS devices if uniformity problems can be overcome. We gratefully acknowledge the assistance given by Gabor Kemeny, Chris Petty, and Bonnie Leimer in collecting some of the data presented and allowing the first author to use their Nicolet System 950 FT-Raman spectrophotometer at Nicolet Corporation (Madison, WI) to collect additional data. This work was supported by the U. S. Department of Energy under contract No. DE-AC36-83CH10093. Wavenumbers (cm-I) 0.806 eV *+tl t , Figure 6 
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